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Amplified spontaneous emission is a source of broadband noise that parasitically limits the achiev-
able gain in laser amplifiers. While optical bandpass filtering elements can suppress these broadband
noise contributions, such filters are typically designed around specific frequencies or require manual
tuning, rendering them less compatible with tunable laser systems. Here, we introduce a nonlinear
self-adaptive filter and demonstrate the suppression of amplified spontaneous emission surrounding
the lasing mode of a tunable 780 nm external cavity diode laser, using the two-beam coupling in-
teraction in photorefractive BaTiO3. A peak suppression of −10 dB is observed ±2.5 nm from the
lasing mode, with an overall 50% filter power throughput. The dynamic photorefractive filter is au-
tomatically centered on the peak frequency due to the continuous writing and readout of the volume
holographic grating and can thereby also automatically adapt to frequency tuning, drift, or mode
hopping with an estimated auto-tuning rate of 100 GHz/s under typical conditions. Additionally,
we present opportunities for enhancing filter suppression characteristics via the input intensity ratio
and tuning the bandwidth via the coupling angle, toward versatile, self-adaptive optical filtering.
Photorefractive crystals have been utilized for a va-
riety of spectral filtering applications, including carrier
suppression for optical communications [1], cavity mode
selection [2], laser bandwidth narrowing [3], and narrow-
band notch and/or bandpass filtering [4, 5]. A key prop-
erty of these materials is the efficient generation of charge
density gratings and a large χ(2) susceptibility to the
corresponding DC or low-frequency space-charge fields,
leading to efficient nonlinear interactions even for rela-
tively weak continuous wave laser fields (i.e. intensities
< 1 W/cm2). While previous photorefractive filtering
schemes have primarily utilized either fixed gratings or
dynamic gratings maintained by writing beams to filter
a separate incident read beam, here we employ the two-
beam coupling interaction in BaTiO3 for dynamic self-
filtering. In particular, we demonstrate broadband (few-
THz) amplified spontaneous emission (ASE) power sup-
pression surrounding the lasing mode of a tunable ∼780
nm external cavity diode laser, with the filter automati-
cally centered on the lasing mode due to the continuous
writing and readout of the grating.
The two-beam coupling interaction occurs between two
temporally coherent beams propagating within a pho-
torefractive crystal. As the two beams interfere within
the crystal with a periodic intensity modulation, charge
carriers excited in the bright regions diffuse to the dark
regions, where they recombine with vacancy/impurity
trap states within the insulator bandgap. The resulting
periodic charge density and corresponding space-charge
electric field then modulates the refractive index via the
linear electro-optic (Pockels) effect, a χ(2)(ω = ω + 0)
process in which the index modulation depends linearly
on the static space-charge field [6]. A volume phase grat-
ing is thus established via the photorefractive effect. For
diffusion-limited carrier transport, the grating is spatially
phase-shifted from the interference fringes by ±pi/2, with
the sign depending on the crystal orientation [7]. Due
to this pi/2 phase shift, the diffracted and transmitted
beams interfere constructively along one output path and
destructively along the other. Optical energy is thereby
coherently transferred from one beam (the pump beam)
to the other (the signal beam) via the two-beam coupling
interaction, as illustrated in Fig. 1.
Modeling broadband ASE suppression requires a
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FIG. 1. (a) Illustration of the two-beam coupling configura-
tion, with experimental angles and relative dimensions. (b)
Example signal beam input and filtered output spectra, nor-
malized to the peak and demonstrating ASE suppression.
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2many-frequency two-beam coupling treatment [8]. The
continuous pump and signal beam spectra are approxi-
mated as sums over plane waves in the coupled differen-
tial equations,
dSj
dz
=
γ
2I0
Pj
∑
q
SqP
∗
q e
i(∆kqjz+φqj) − α
2
Sj ,
dPj
dz
= − γ
2I0
Sj
∑
q
S∗qPqe
−i(∆kqjz+φqj) − α
2
Pj ,
(1)
in which Sj and Pj are the signal and pump electric
field amplitudes for frequency component j, respectively,
and I0 =
∑
q
(|Sq(z = 0)|2 + |Pq(z = 0)|2). The coupling
constant, γ, is given by [9]
γ =
2pin1
λp cos θ
, (2)
where θ is the internal half-angle between the beams (see
Fig. 1), λp = 778 nm is the peak wavelength, and n1
is the index modulation, which is proportional to cos 2θ
for the p-polarized beam interference. The absorption
coefficient is measured to be α = 0.25 cm−1, similar
to previous measurements [10, 11]. The absorption is
known to depend sensitively on the crystal preparation
(trap density) [10] and laser intensity [12], but merely
serves to limit the maximum ASE suppression and total
filter throughput without otherwise affecting the general
filtering properties.
The exponential terms in Eq. 1 account for the Bragg-
mismatched diffraction of frequency νj off of the grating
established by frequency νq, thereby entirely encoding
the spectral filtering effect. The first term,
∆kqj =
4pin
c
sin2 θ
cos θ
(νq − νj) , (3)
depends upon the relative frequency detuning and θ,
where n = 2.4 is the average refractive index. The second
phase-mismatch term [3],
φqj =
2pi
c
(νq − νj) ∆l, (4)
depends upon the relative frequency detuning and the op-
tical path length difference between the signal and pump
beams, ∆l, which is positive for a longer signal arm. Eq.
4 describes a spatial phase shift of the grating in the di-
rection of the grating wavevector. Frequency νj therefore
experiences a reduced diffraction efficiency off of the grat-
ing due to frequency νq if φqj is not an integer multiple
of 2pi, as the grating phase shift is no longer at the opti-
mal pi/2 value and the interference between the diffracted
pump and transmitted signal fields is no longer perfectly
constructive. Unless otherwise specified, the condition
∆l = 0 is maintained between the pump and signal beams
to emphasize the primary filtering effect due to Eq. 3.
Spectral filtering is due to the combination of (i) the
nonlinear χ(2) interaction, in which the grating strength
is proportional to the intensity modulation, ∝ SjP ∗j /I0,
and (ii) the Bragg mismatch between different frequency
components, where gain falls off with detuning from a
particular grating frequency with a sinc functional depen-
dence [9]. Therefore, the strongest input frequency com-
ponents around the laser peak experience the strongest
two-beam coupling gain, while the off-peak gain is much
weaker. This leads to less relative ASE in the signal
beam output and thus to ASE suppression, as shown in
Fig. 1. The spectral filtering is predominantly due to the
∆k phase mismatch term (Eq. 3), while the φ term (Eq.
4) leads to additional spectral oscillations in the event of
an optical path length mismatch.
Filtering is achieved here with an unfixed grating,
which is continuously written and read out such that the
grating is automatically established for the appropriate
laser frequency and also automatically adapts to changes
in the laser spectrum, such as drift or mode-hopping. In
particular, the filtering is largely unaffected by drift that
remains within the Bragg-degeneracy region of the pre-
viously formed grating (approximately ±10 GHz) within
the time it takes for a new grating to form. The photore-
fractive response time of BaTiO3 crystals is typically be-
tween 100 ms and 1 s for I0 around 100 mW/cm
2 [13, 14].
An illuminated crystal with a response time of 100 ms
would therefore track laser frequency drifts on the order
of 100 GHz/s, or 0.2 nm/s around 780 nm, with mini-
mal degradation to the coupling efficiency or the corre-
sponding spectral filtering. Only the auto-peak-tuning is
demonstrated explicitly here, but we note for further con-
sideration that BaTiO3 is known to have a rather slow
response time, such that other photorefractive crystals
may be considered for faster adaptability [15].
The photorefractive BaTiO3 used here is an undoped,
uniaxial poled 5 × 5 × 7 mm ferroelectric crystal, with
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FIG. 2. Measured (solid) and calculated (dashed) filter
throughput spectra relative to the laser peak at 778 nm for
r = 15 and θ = 4.5◦, with −10 dB ASE suppression observed
at ± 2.5 nm detuning.
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FIG. 3. Measured (solid) and calculated (dashed) filter
throughput spectra at a series of input beam intensity ratios
r.
the cˆ axis along the 7 mm dimension. Coupling is ar-
ranged in the transmission geometry (Fig. 1) with the
beams extraordinary polarized to take advantage of the
crystal’s large r42 electro-optic coefficient [15]. To maxi-
mize the observable ASE suppression within the dynamic
range of the optical spectrum analyzer, the diode oper-
ating current is reduced down to the lowest stable level,
corresponding to a peak-to-ASE power ratio of 25 dB,
with the ASE rolling off to either side of the peak by
approximately −2.5 dB/nm before filtering. The total
input power is set to 1 mW, for to a total intensity of
∼25 mW/cm2 within the crystal given the 2 mm diame-
ter beams, which are collimated (unfocused) for optimal
spatial overlap. The interaction length within the crystal
is approximately L = 7 mm, and θ = 4.5◦ unless other-
wise stated. For these parameters, the coupling constant
is determined by measuring the gain as a function of the
input beam intensity ratio to be γ = 5.5 cm−1 (see Eq. 6
below). From Eq. 2, the value of the index modulation,
n1, is then 0.68 × 10−4. We note that imperfect signal
and pump mode spatial overlap within the crystal (illus-
trated in Fig. 1) is automatically compensated for in the
“effective” measured γ.
Experimental and theoretical spectral filtering curves
are shown in Fig. 2, with the relative throughput defined
as the ratio of the normalized signal beam output spec-
trum to the normalized input spectrum. A maximum
suppression of −10 dB is observed at ± 2.5 nm detuning
from the 778 nm peak, with a FWHM suppression band-
width of 1.8 nm. It will be shown that the suppression
and bandwidth depend sensitively on the input beam in-
tensity ratio (r) and the coupling angle (θ), respectively.
The input intensity ratio,
rj =
|Pj(z = 0)|2
|Sj(z = 0)|2 , (5)
is adjusted via half-waveplate and polarizing beamsplit-
ter. Since the pump and signal beams originate from
the same source and propagate with the same transfer
functions prior to the crystal, rj = r for all frequency
components. The measured overall two-beam coupling
gain of 8 for r = 15 yields a ∼50% overall filter through-
put efficiency, i.e. the ratio of the filtered signal beam
output power to the total input power.
A fourth-order Runge-Kutta method is implemented
to integrate Eq. 1, in which the experimental optical
spectrum analyzer resolution (0.1 nm) is utilized as the
sampling interval for the frequency components, and the
measured input absolute power spectrum (as opposed to
the power density spectrum) is thus taken as the initial
spectrum in the calculations. The weaker suppression
observed in the experimental curves relative to the the-
oretical predictions in Fig. 2 and elsewhere is primarily
attributed to the limited dynamic range (optical rejection
ratio) of the optical spectrum analyzer, which is approx-
imately 35 dB within a ±1 nm range and 45 dB within a
±5 nm range. Thus, −10 dB is the observable limit for
the input 25 dB peak-to-ASE power ratio.
Approximate theoretical limits on ASE suppression
can be determined in a simple manner through the
monochromatic coupling expression [9], with peak fre-
quency gain,
Gp =
|Sp(z = L)|2
|Sp(z = 0)|2 =
1 + r
1 + re−γL
e−αL. (6)
At large detuning from the peak, the ASE experiences
essentially no gain, and therefore Eq. 6 serves as an r-
dependent limit on the ASE suppression. This limiting
behavior already becomes apparent within the ±5 nm de-
tuning range in Fig. 3, in which the limiting suppression
values are measured approximately at −2.5 dB, −5.5 dB,
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FIG. 4. Measured (solid) and calculation (dashed) filter
throughput spectra for r = 3 at two different internal beam
coupling half-angles, θ, demonstrating the predicted band-
width narrowing for larger angles due to enhanced Bragg mis-
match detuning sensitivity.
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FIG. 5. Measured (solid) and calculated (dashed) filter
throughput spectra for r = 2 and θ = 4.5◦, with an optical
path length of ∆l = 0.9 mm added to the signal arm relative
to the pump arm, leading to oscillations due to the φ phase
mismatch.
and −8 dB for r = 1, r = 3, and r = 10, respectively.
These are in reasonably good agreement with the −2.2
dB, −4.9 dB, and −8.4 dB values predicted by Eq. 6,
with the full suppression curves calculated via Eq. 1 also
yielding good agreement. By accounting for the θ depen-
dence of γ (Eq. 2), Eq. 6 also describes the effect of θ
on the gain.
In addition to suppression tuning via r, the filter band-
width can be tuned via the coupling angle, θ, as demon-
strated in Fig. 4. Bandwidth narrowing occurs for larger
coupling angles due to the cos2 θ/ sin θ dependence of Eq.
3, which enhances the frequency detuning sensitivity of
the phase mismatch. However, even neglecting limita-
tions imposed by the crystal geometry and Fresnel re-
flections, which may be overcome via custom crystal cut-
ting [16], the beams become orthogonally polarized as
θ → pi/4 and the interference fringe contrast goes to
zero, as encoded in the γ ∝ cos 2θ/ cos θ dependence in
Eq. 2. Thus, there exists a trade-off between bandwidth
and total suppression, which can be optimized for specific
applications.
Finally, the effects of optical path length differences
between the signal and pump inputs in Eq. 1 are briefly
examined, with further details described by Chomsky et
al. [3]. A ∆l = 0.9 mm optical path length delay is gener-
ated by placing a glass slide in the signal beam path. The
resulting suppression curve is shown in Fig. 5, with the
additional oscillatory behavior in good agreement with
the theoretical predictions from Eq. 1.
In summary, an auto-tuning optical bandpass filter has
been demonstrated using the dynamic two-beam coupling
interaction in photorefractive BaTiO3 and utilized here
to suppress ASE noise in a laser diode spectrum by at
least −10 dB within ±2.5 nm of the lasing mode. Larger
suppression values (requiring more sensitive measuring
equipment) are expected to occur for larger input in-
tensity ratios, longer interaction lengths, and/or crystals
with a larger coupling constant. For particular crystal
cuts and coupling configurations, the filter bandwidth
can be optimized by tuning the angle between the pump
and signal beams. While ASE suppression serves as a
suitable test of broadband spectral filtering, these effects
could be tailored to a number of adaptive filtering appli-
cations for broad or multimode beams. Conversely, the
opposite effect (carrier suppression) is achieved in the
pump output [1]. As a final note for practical implemen-
tation, this two-beam coupling filter can be miniaturized
and/or fiber-coupled [16], and thus packaged as a passive
optical element that can be incorporated into both free
space and fiber-based laser systems, with manual or au-
tomated control knobs to adjust the filter spectrum via
input intensity ratio and beam coupling angle.
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